The response to stress often involves mitogen-activated protein kinase (MAPK) cascades, which are among the most intensively studied signal transduction pathways in eukaryotes. All eukaryotes contain several discrete MAPK pathways that are stimulated by distinct 
with chromatin within a few minutes. This Hog1-depenwe use chromatin immunoprecipitation (ChIP) to measure binding of DNA binding transcriptional regulatory dent function precedes, and indeed is required for, proteins Gal4, Rap1, and HA-tagged Sko1 to their recogHog1-dependent activation of gene expression. Third, nition sequences in various promoters before and during we show that this pretranscriptional response to osa sudden increase in osmolarity ( Figure 1A ). Sko1 is motic stress involves direct modulation of ion transport a direct target of Hog1 kinase that is responsible for by Hog1-mediated phosphorylation of the Nha1 Na ϩ /H ϩ induction of many osmotically regulated genes, whereas antiporter (and to a lesser extent the Tok1 potassium Gal4 and Rap1 are unrelated to osmotic stress. As exchannel). Thus, our results indicate that a single MAP pected, the binding of all three factors is readily detectkinase can mediate temporally and mechanistically disable when the cells were grown in normal growth metinct responses to stress, and that MAP kinases can dium. Unexpectedly, a moderate hyperosmotic shock mediate very rapid stress relief in a manner that pre-(0.4 M NaCl) severely reduces the binding of all three cedes and facilitates the long-term change in gene extranscription factors within the first minute of stress pression patterns.
exposure. Similarly, association of the TATA binding protein (TBP) or the Rpb3 subunit of Pol II with highly Results active, stress-independent promoters (e.g., PGK1 and ACT1) is drastically decreased within one minute of osHyperosmotic Stress Results in a Very Rapid motic stress ( Figure 1A ).
Dissociation of Most Chromatin-Associated
To distinguish whether the above stress is caused to Proteins, but Not of Histones or Elongating the toxic effect of Na ϩ or the osmotic effect that causes RNA Polymerase II the loss of water from the cell interior, we performed Although maximal Hog1-dependent activation of ossimilar experiments on cells subjected to osmotic stress motic stress genes often occurs between 5-10 min (Po- The immediate dissociation of most proteins, but not histones or elongating Pol II, upon osmotic stress in vivo is remarkably similar to that occurring in vitro when chromatin is treated with 0.4 M NaCl. Indeed, treatment of chromatin (or isolated nuclei) with moderate concentrations of salt is the standard method to extract nonhistone proteins and transcription factors, but not elongating Pol II. Thus, the rapid protein dissociation in response to hyperosmotic stress is due to increased nuclear ion concentrations above a critical level. Furthermore, the results strongly suggest that yeast cells are unprepared for, and initially unresponsive to, the influx of salt and the loss of water from the cell, and that the resulting increase in ionic strength causes molecular mayhem in the nucleus. few minutes ( Figure 1A ). Gal4 and Sko1 binding levels recover to near wild-type levels within about 5 min, whereas recovery to wild-type levels of Rap1 binding NaCl-stressed cells (data for Gal4 is shown in Figure  takes about 10 min. TBP binding at nonregulated genes 1B). Thus, the immediate loss of transcription factors (PGK1 and ACT1) is evident at 5 min after the osmotic from chromatin is caused by hyperosmotic stress, which stress, although maximal levels take somewhat longer. most likely increases ionic strength in the nucleus.
Pol II association with these promoters is even more Two observations indicate that the apparent loss of delayed; at 10 min after osmotic stress, Pol II levels are protein occupancy in the first minute of osmotic stress near background at the PGK1 promoter and are 3-fold reflects true dissociation from the chromatin template below levels in unstressed cells at the ACT1 promoter. and not decreased crosslinking in the presence of inAs the immediate dissociation of many proteins from creased salt (or some other artifact of the ChIP assay). chromatin in response to osmotic stress reflects inFirst, in a strain whose sole source of histone H4 is a creased ion concentrations in the nucleus, the recovery myc-epitope-tagged version of the protein, there is no response most likely involves the export of those ions, significant decrease in histone H4 binding at two difthus enabling the transcription factors to reassociate ferent genome locations under the same NaCl stress with their chromosomal recognition sites. This strongly conditions ( Figure 1C) . Indistinguishable results were suggests that there is a bona fide stress response that obtained under several conditions where the efficiency is mediated by a specific signaling event. Given the role of histone crosslinking to DNA was limited by reducing of the HOG pathway, we examined whether Hog1 MAPK the time of crosslinking or by lowering the formaldehyde kinase is important for the rapid adaptation to NaCl concentration (data not shown). Second, although Pol stress. As shown in Figure 3A , cells that lack Hog1 show II occupancy at the PMA1 promoter is severely reduced a significant delay in regaining normal levels of Gal4 within the first minute of osmotic stress, Pol II occupancy or Rap1 binding to chromatin during NaCl stress. For at several locations within the downstream portion of example, Gal4 completely reassociates with the GAL2 PMA1 coding region is unaffected (Figure 2) The DNA binding proteins tested regain some or all focused at the Na ϩ and K ϩ extrusion systems (Serrano and Rodriguez-Navarro, 2001). The Ena1 Na ϩ extrusion of their chromatin association within the first 5 min of stress, therefore indicating a rapid Hog1-dependent celATPase is by far the most important extrusion pump lular adaptation. However, maximal TBP recruitment to when yeast cells are grown in the presence of NaCl. promoters of osmoinducible genes (e.g., GRE2 and However, Ena1 is not a likely candidate for the immedi-CTT1, which are shown in Figure 1A) We used ena1-4, nha1, and tok1 deletion mutants to from its target genes during the initial hyperosmotic unravel the role of the respective transporters in the shock. It is obvious that rapid reassociation of Sko1 immediate salt response in the manner described above must precede and therefore be independent of Sko1-for the hog1 deletion strain. In the nha1 strain, there is dependent transcriptional induction. Thus, Hog1 plays a pronounced delay in Gal4 and Rap1 reassociation that two mechanistically and temporally distinct roles in the is comparable to the effect observed in the hog1 strain response to osmotic stress. It is required first for the ( Figure 3A ). Both ena1-4 and tok1 strains show a much rapid adaptive response that permits proteins to reassomore moderate delay in the reassociation of Gal4 and ciate with chromatin, and subsequently for the transcripRap1 to chromatin. Thus, the function of the Nha1 tional response that involves phosphorylation of activaNa ϩ /H ϩ antiporter is of critical importance for the immetor proteins such as Sko1, Hot1, and Smp1. diate recovery from a NaCl shock. Tok1 and Ena1 play a detectable, but lesser role in this immediate adaptive response, and we suspect that the minor effect of Ena1 Nha1 Is Important for the Fast Recovery from NaCl Stress reflects imperfect repression of the ENA genes. In contrast, long-term growth at elevated NaCl concentrations To identify plasma membrane transporters that might contribute to the immediate relief from NaCl shock, we does not require NHA1 or TOK1, but it is critically depen- most pronounced in the nha1 mutant ( Figure 3A ). However, in accord with the long-term growth assays, increased TBP association is observed in an nha1 strain, but not in a hog1 strain, indicating that Nha1 is specifiwith the Nha1 and Tok1 C-terminal domains are not cally involved in the immediate response to osmotic altered when the cells were treated with 0.4 M NaCl. stress.
Thus, Hog1 MAPK interacts, directly or indirectly, with the soluble parts of at least two ion transport proteins, the Na ϩ specific Nha1 antiporter and the K ϩ specific Hog1 MAPK Interacts with and Phosphorylates Tok1 channel. Nha1 Na ؉ /H ؉ Antiporter and Tok1 K ؉ Channel We next addressed whether Hog1 directly phosphoryGiven that Hog1 MAPK, the Nha1 Na ϩ /H ϩ plasma memlates Nha1 and Tok1 using immunoprecipitated HA-epibrane antiporter, and (to a lesser extent) the Tok1 K ϩ tope-tagged Hog1 from either nonstressed or saltchannel are involved in the fast adaptation to salt stress, stressed yeast cells. As substrates, we added either we examined whether Hog1 physically interacts with affinity purified GST-Nha1 from a hog1 deletion yeast Nha1 and Tok1 in vivo. Both the Nha1 and Tok1 proteins strain or bacterially expressed GST-Tok1. In both cases contain highly hydrophobic N-terminal transmembrane we used the C-terminal hydrophilic domains that interdomains and hydrophilic C-terminal domains. As it is acted with Hog1 in vivo. As shown in Figure 5A , or the fully mutated sensitive mutant strain ena1-4⌬ nha1⌬ has been sucNha1 Figure 6B ). These observations demmally at 10 min, and poorly at 30 min after stress. Loss onstrate that Hog1 phosphorylates Nha1 at T765 and of Nha1 results in a delayed induction response, be-T876 in vivo upon salt shock. Further, they suggest that cause TBP occupancy at STL1 is below that of the wildthe wild-type Nha1 protein has a conformation that is type strain at the 5 and 10 min time points, and it contindistinct from proteins that are mutated or phosphoryues to increase even 30 min after salt stress. In contrast, lated at T765 and T876. strains expressing the constitutively active Nha1 derivaFinally, we directly examined the importance of tives display a precocious response, because STL1 in-T765, T876 phosphorylation for the immediate response duction peaks at 5 min after salt treatment and is already to salt stress. The dissociation-reassociation kinetics diminishing at the 10 min time point. Importantly, the of Gal4 at the GAL2 promoter and of Rap1 at the maximal level of TBP occupancy is roughly comparable RPL2B promoter upon NaCl shock were measured in in all four strains, but this maximal level occurs at differstrains that carry either (HA) 3 -epitope-tagged Nha1, ent times depending on Nha1 function. Thus, the kinetics Nha1 Figures  7C and 7D) .
Our results suggest that Hog1 phosphorylation activates the Na ϩ extrusion activity of Nha1, thereby lowering the nuclear NaCl concentration and permitting binding of transcription factors. Although the Na Under nonstress conditions, the electrophoretic mo-(C) Initial stress response. Hog1 kinase phosphorylates (P) Nha1 on T765 and T876, thereby stimulating Nha1 activity and extruding Na ϩ (arrows) from the cell (note smaller font for Na ϩ in the cytoplasmic and nuclear compartments). Elongating Pol II that did not dissociate upon the initial osmotic stress has finished the last rounds of syntheoccurs preferentially on osmotic-inducible promoters (e.g., ENA1). sis (except perhaps at very long genes).
(E) Induction of ENA1 results in high levels of the Ena1 Na ϩ extrusion (D) Stress-gene activation. Continuing Nha1-dependent extrusion ATPase, which efficiently reduces intracellular NaCl levels (thick (note even smaller font for Na ϩ in the cytoplasmic and nuclear comarrow; note very small font for Na ϩ in the cytoplasmic and nuclear partments) permits reassociation of transcription factors and ascompartments), thereby resulting in long-term adaptation to hypersembly of active transcription complexes. , 2002) , suggesting that phosphorylation of amino acid substitutions that do not involve charged these transcription factors may occur at the promoter residues in the case of alanine or valine. These observa-( Figure 7D ). It will be of interest to decipher whether the tions strongly suggest that the "low-activity" wild-type nuclear and plasma membrane substrates are targeted protein and the "high activity" Nha1 mutant derivatives by the same Hog1 molecules subsequently or by distinct exist in significantly different conformations. Furthersubpopulations. more, the Hog1-dependent phosphorylated form of At the level of Na ϩ export, the hyperosmotic stress Nha1 behaves indistinguishably from the Nha1 mutant response can be divided into early and late phases that derivatives, suggesting that phosphorylation causes a are governed by different transporters (Figures 7C-7E ). comparable conformational change that activates the The Nha1 Na ϩ /H ϩ antiporter is critical for the pretranantiporter function of Nha1. We speculate that an intrascriptional stress response, while the Ena1 Na ϩ ATPase molecular interaction within Nha1 that involves T765 is less important. The limited role of Ena1 is explained and/or T876 masks the active site. Phosphorylation or by repression of ENA1 in the absence of stress, and its mutation of T765 and T876 would disrupt this intramosmall contribution to the early stress response is likely lecular interaction, thereby unleashing the full catalytic due to imperfect repression. As defined by reassociation activity of the Nha1 antiporter.
of proteins with chromatin, the pretranscriptional response is not abolished in hog1 and nha1 strains, but Figures 6C and 7D ) is slower than in YPD medium (FigConcluding Remarks  ure 3A) , presumably due the higher ionic concentration in SD medium. More generally, they suggest that the By analogy with the initial effects of hyperosmotic duration of this initial adaptation will correlate with the stress, it is likely that other forms of environmental stress strength of the saline stress and govern the kinetics of will cause sufficient mayhem to disrupt transcription the transcriptional response. and other complex biological processes that rely on Hog1 phosphorylation of Nha1 and Tok1 during the multiprotein machineries. In such cases, the cell must initial response presumably occurs near the plasma have specific mechanisms to alleviate the initial effects membrane, because both ion transporters contain multiof the stress to permit subsequent induction of stressple membrane-spanning domains and hence are likely response genes. In the case of hyperosmotic stress, the to be tethered at this cellular location ( Figure 7C ). Hog1 initial insult is easily detectable by chromatin immunocopurifies with GST-Nha1 independently of osmotic precipitation, whereas putative disruptions due to other stress, and the Pbs2 MAPKK serves as a scaffold for forms of stress have yet to be described in molecular the HOG MAP kinase components and interacts with the terms. In any event, we speculate that eukaryotic cells Sho1 plasma membrane osmosensor (Posas and Saito, will often respond to stress in a biphasic manner in 1997). Therefore a fraction of Hog1 MAPK might be already which the pretranscriptional phase occurs rapidly via modifications of already synthesized proteins and perphysically associated with Nha1 before stress. In contrast, (CEN, URA3) . The resulting centromeric NHA1-HA expresKCl, 10 mM EDTA, 2 mM DTT, 1 mM PMSF) and 2 volumes of sion plasmid was subjected to site directed mutagenesis to change GTED20 (10 mM Tris/HCl [pH 7.6], 1 mM EDTA, 1 mM DTT, 20% T765 and T876 of Nha1 to A, D, or V, respectively. glycerol) were added. Cell debris was separated by centrifugation (10 min, 1000 g). The membrane fraction was obtained by centrifugaChromatin Immunoprecipitation tion (30 min, 30.000 g) and resuspended in GTED20 containing Cells were grown in YPD medium (Figures 1-3) or SD-ura medium 2.5 mg/ml N-Hexadecyl-N,N-Dimethyl-3-Ammonio-1-Propanesulfo-( Figure 6C) until exponential phase and then osmotically stressed nate (Zwittergent 3-16, Sigma) and 3 mg/ml Na-deoxycholate. Memby the addition of 0.4 M NaCl or 0.6 M sorbitol. Chromatin preparabrane proteins were solubilized for 5 min at room temperature foltion and immunoprecipitation were performed as described prelowed by brief sonication. Solubilized proteins were obtained in viously (Kuras and Struhl, 1999) , except that insoluble total chromathe supernatant after centrifugation (10 min, 30.000 g). (HA) 3 -Nha1 tin was separated from the soluble fraction by spinning for 2 min in proteins were detected after SDS-PAGE (6% PA) by immunoblotting a microcentrifuge. After sonication, soluble chromatin fragments using a monoclonal anti-HA antibody. were obtained by spinning for 30 min in a microcentrifuge. The following antibodies were used for immunoprecipitation: ␣-Gal4 DBD
